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Abstract-Magnetic properties and microstructures of 
Pr-Fe-B-(Ga) melt-spun ribbons prepared by single or 
twin-roller have been studied. The strong intensities 
of (004) and (006) X-ray diffraction peaks are observed 
in roller and free surfaces of Pr17Fe75B ribbons 
quenched by single-roller at V s  = 3 m/s, ant in both 
surfaces of Pr Fe B Ga ribbon quenched by twin- 
roller at V s  = i5m/z? ft slhows that c-axis of Pr Fe14B 
grain lies normal to the surface of melt-spun ritbons. 
Magnetic measurements of ground powders of melt-spun 
ribbons reveal that the ground powders produced by 
twin-roller have higher coercivity and remanence than 
those prepared by single-roller. The powders aligned in 
a magnetic field of 12 kOe show a high coercivity of 
iHc = 12.8 kOe and higher remanence of Br = 5.6 kG than 
in the powders solidified in non-magnetic field (Br = 
4.1 kG). 
INTRODUCTION 
Anisotropic R-Fe-B ( R : rare earth elements ) mag- 
nets with excellent magnetic properties have been 
developed by sintering[l], hot-deformation[2], and hot- 
pressing technique of rapidly quenched isotropic rib- 
bons [3]. There has been strong demands of developing 
the anisotropic R-Fe-B bonded magnets with good mag- 
netic properties. Recently, the anisotropic powders for 
bonded magnets have been studied, but they undergo 
complex processes[4],[5]. Therefore, some techniques to 
fabricate anisotropic powders are needed. It is con- 
sidered that the anisotropic melt-spun ribbons enable 
to form the anisotropic bonded magnets with simple 
processes. 
Recent efforts have been devoted in developing the 
anisotropic melt-spun ribbons. Dadon et a1.[6] observed 
c-axis alignment normal to the surface of Nd-Fe-B melt- 
spun ribbons, but no magnetic measurements were 
reported. Coehoorn et a1.[7] reported that the strong 
alignment of Nd2Fe14B phase in both roller and free 
surface are observed in Nd Fe B ribbons quenched at 
low roller speed( Vs < 9 '&s'$.~ Yamasaki et a1.[8] 
reported that high temperature of the molten metals 
gives the strong c-axis alignment to surfaces of melt- 
spun ribbons. But both melt-spun ribbons still have low 
coercivity and their ground powders are not suitable 
for forming the anisotropic bonded magnet. But these 
studies suggest the possibility to form the anisotropic 
powders with high coercivity. 
The present study emphasizes the Pr-Fe-B system, 
since Pr-Fe-B alloys with relative large grain size 
have high coercivity[2] because of the high anisotropic 
field of Pr2Fe14B phase. The purpose of this study is 
to explore the possibility to form the anisotropic 
bonded magnet of Pr-Fe-B system in using the ground 
powders of the ribbons quenched by single or  twin- 
roller. 
EXPERIMENTAL PROCEDURES 
The Pr17Fe75B8 and Pr15Fe7JB8Gal alloys were pre- 
pared by induction melting un er an argon atmosphere. 
Melt-spun ribbons were prepared by single-roller ( cop- 
per, 20 cm in diameter ) and twin-roller ( chromium- 
plated iron, 8 cm in diameter ) under an argon atmos- 
phere. The molten metals melted by induction in a 
quartz tube were ejected through a 0.8 mm orifice at 
the bottom of the tube. The single-roller speed was 3 
m/s 
Microstructures were studied by SEM and X-ray dif- 
fraction using Fe-Ka radiation. The ribbons were 
and the twin-roller speed was 1 m/s. 
ground into powders ( under 150 pm ) .  The powders 
mixed with molten parafin were aligned in a magnetic 
field of 12 kOe for the measurement of the magnetic 
properties as a bonded magnet. Magnetic properties of 
melt-spun ribbons and their ground powders were 
measured by vibrating sample magnetometer with the max- 
imum applying field of 15 kOe. 
RESULTS AND DISCUSSIONS 
Ribbon quenched by single-roller 
Figure 1 shows the X-ray diffraction patterns of 
Pr17Fe75B ribbons quenched by single-roller at V s  = 
3 m/s, tafen from (a) roller surface, (b) half-polished 
surface, and (c) free surface of the ribbons. The 
strong intensities of (004) and (006) diffraction peaks 
are observed in both surfaces as shown in Fig.1 (a) 
and (c). These diffracted peaks indicate that c-axis of 
Pr Fe14B grain lies normal to the surface of melt-spun 
rigbon. But X-ray diffractions taken from the half- 
polished surface shown i n  Fig.1 (b) indicate isotropic 
characteristics. This result suggests that the 
preferential alignment of c-axis is limited at both 
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Fig. 1X-ray ditfraction patterns (Fe-Ka) of Pr Fe 5B8 
ribbons quenched by single-roller, ta!% $,om 
(a) roller surface, (b) half-polished surface, 
and (c) tree surface of the ribbons(Vs = 3 m/s). 
surfaces of the ribbons. The surfaces of the ribbons 
were mechanically polished, because chemical polishing 
gives a significant amount of oxidation on the surface 
of ribbons. It is reported that X-ray diffraction pat- 
terns of the surface oxidation such as Nd 0 and alpha- 
iron gives similar diffraction pattern2 $f Pr Fe14B 
phase corresponding to (004) and (006) peaks[9]. 6igure 
2 shows the corresponding SEM micrograph taken from the 
cross section of Pr17Fe75B8 ribbon quenched by single- 
roller. It shows that fine grain sizes of approximately 
1 pm in diameter were observed at the roller surface of 
the ribbons and coarse grain sizes of 10 pm were ob- 
served at the free surface. The distribution of grain 
size is very inhomogeneous along the cross section of 
the ribbon because of slow roller speed of Vs = 3 m/s. 
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Prl Fe76B8GaLa. ribbon quenched by single-roller, (a) 
powaers soli ified in a magnetic field and (b) powders 
solidified in non-magnetic field. It shows that gal- 
lium addition to Pr-Fe-B system increases the coer- 
civity of ground powders. This is consistent with the 
observations in Nd-Fe-B system reported by Panchanathan 
et a1.[10]. These results suggest that the melt-spun 
ribbon which has fine grain in the entire cross sec- 
tion of the ribbon with preferential orientation to c- 
axis can not be made by single-roller quenching. 
- .  I 
Fig. 2 The corresponding SEM micrograph of the cross 
section of Pr 7Fe7 B8 ribbon quenched by single- 
roller ( v s  = 4 m/sS. 
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Fig. 4Demagnetization curves of ground powders ( under 
150 uin ) of Pr Fe B ribbon quenched by single 
-roller, (a) pizde!z 8solidified in a magnetic 
field of 12 kOe and (b) powders solidified in 
non-magnetic field. 
2 
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Fig. 3Demagnetization curves of 1'r17Fe75B8 ribbons 
quenched by single-roller , ( a )  as-spun ribbon, 
(b) a half of the ribbon at roller side, and (c) 
a half of the ribbon at free side. 
Figure 3 shows the demagnetization curves of 
Pr Fe B ribbons quenched by single-roller measured 
pa:zllz? 8to plane direction of ribbons, (a) as-spun 
ribbon, (b) a half of the ribbon at roller side, and 
(c) a half of the ribbon at free side. The as-spun rib- 
bon shown in Fig. 3(a) has higher coercivity of iHc = 9 
kOe than that reported ( iHc = 5 kOe ) in Nd-Fe-B 
melt-spun ribbon at Vs = 3 m/s[7]. A half of the rib- 
bon at roller side which has fine grain size shows high 
coercivity of over 15 kOe, but a half at free side 
shows low coercivity of 4.5 kOe because of their coarse 
grain size as shown in Fig. 3 (b),(c). It is considered 
that the coercivity of melt-spun ribbons is strongly 
influenced by the grain size of ribbons. Figure 4 shows 
the demagnetization curves of ground powders ( under 
150 ) of Pr17Fe75B8 ri.bbon quenched by single- 
roller, (a) powders solidified in a magnetic field of 
12 kOe and (b) powders solidified in non-magnetic 
field. Remanence of powders solidified in a magnetic 
field is slightly higher than that of powders 
solidified in the absence of a magnetic field. But this 
result indicates that these powders still have 
isotropic characteristics, even though both ribbon sur- 
faces show strong alignment to c-axis. The coercivity 
of ground powders decreases drastically from 9 kOe ( 
as-spun ribbon ) to below 5 kOe by grinding. Figure 5 
shows the demagnetization curves of ground powders of 
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Fig. 5Deniagnetization curves of ground powders ( under 
150 Um ) of Prt5Fe76B Gal ribbon quenched by 
single-roller, a) powiers solidified in a mag- 
netic field of 12 kOe and (b) powders solidified 
in non-magnetic field. 
Ribbon quenched by twin-roller 
Twin-roller quenching technique was adopted to 
achieve the fine grain at both surfaces of the ribbons. 
Figure 6 shows the X-ray diffraction patterns of Pr15; 
Fe76B Gal ribbons 
m/s. qhe strong intensities of (004) and (006) peak are 
observed at the surface of Pr15Fe76B8Gal ribbon as 
shown in Fig. 6(a). The X-ray diffraction patterns 
taken from the ribbon polished to 20 pm from the sur- 
face is shown in Fig. 6(b). It shows that the strong 
intensity of (006) peak still exists, even though the 
intensity is less than that of original surface. But 
the diffractions from the half-polished surface shown 
in Fig. 6(c) shows isotropic characteristics. Figure 7 
shows corresponding SEM micrograph taken from the cross 
quenched by twin-roller at VS = 
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s e c t i o n  of Pr15Fe76B8Gal r i b b o n  quenched by t w i n - r o l l e r  
a t  Vs = 1 m/s. T h i s  r i b b o n  h a s  f i n e  g r a i n s  on b o t h  
s i d e s  o f  r o l l e r  s u r f a c e s ,  b u t  c o a r s e  g r a i n s  s t i l l  e x i s t  
i n  t h e  m i d d l e  o f  t h e  r i b b o n s .  T h i s  r i b b o n  h a s  h i g h  
c o e r c i v i t y  of o v e r  15 kOe, even  though  r o l l e r  s u r f a c e  
s p e e d  i s  v e r y  low ( Vs = 1 m/s ). 
F i g u r e  8 shows d e m a g n e t i z a t i o n  c u r v e s  of ground pow- 
d e r s  o f  PrljE'e76R Ga r i b b o n  quenched  by t w i n - r o l l e r ,  
( a )  p o w d e r s A s o l i d i $ i e a  i n  a m a g n e t i c  f i e l d  and ( b )  pow- 
d e r s  s o l i d i f i e d  i n  nori-magnetic f i e l d .  The ground pow- 
d e r s  show h i g h  c o e r c i v i t y  o f  iHc = 12.8 kOe and h i g h e r  
r emanence  ( Rr = 5.6  kG ) fo r  powders  s o l i d i f i e d  i n  a 
m a g n e t i c  f i e l d  t h a n  t h a t  f o r  powders  s o l i d i f i e d  i n  non- 
m a g n e t i c  f i e l d  ( Rr = i i .1 kG ) whrn t h e  maximum ap- 
p l i e d  f i e l d  is  15  kOe. T h i s  result i n d i c a t e s  t h a t  t h e  
g r o u n d  p o w d e r s  p r o d u c e d  by t w i n - r o l l e r  h a v e  h i g h e r  
c o e r c i v i t y  and remanence t h a n  t h a t  p r e p a r e d  by s i n g l e -  
r o l l e r .  T h e r e f o r e ,  t h e s e  r e s u l t s  i n d i c a t e  t h e  pos- 
s i b i l i t y  t h a t  t h e  a n i s o t r o p i c  b o n d e d  m a g n e t  c a n  b e  
p roduced  w i t h  t h e  r i b b o n s  quenched  by t w i n - r o l l e r  i n  
f u t c r e .  
The mechanism of how c - a x i s  i s  a l i g n e d  normal  t o  t h e  
50 6 
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]:is. 8 Dcin:igne~ i z a t i o n  c u r v e s  of g round  powders  ( under  
1-50 11111 ) 01- Pi-15Fe76U8Gal r i b b o n  quenched by 
Lwj i i - ro l l c r ,  ( a )  powders  s o l i d i f i e d  i n  a m a g n e t i c  
f i e l d  o f  1 2  kOe a n d  ( b )  powders  s o l i d i f i e d  i n  
noii-iiiai;tieti c 1 ieltl.  
s u r f a c e  of t h e  me l t - spun  r i b b o n s ,  i s  n o t  c lear .  AS a 
matter o f  f a c t ,  t h e  p r e f e r e n t i a l  o r i e n t a t i o n  t o  c - a x i s  
w a s  n o t  a c h i e v e d  i n  t h e  r i b b o n s  w i t h  less t h a n  5 a t . %  B 
c o n t e n t .  I t  i s  c o n s i d e r e d  t h a t  B c o n t e n t  and r o l l e r  
s u r f a c e  s p e e d  a r e  v e r y  i m p o r t a n t  f a c t o r s  i n  fo rming  t h e  
c - a x i s  a l i g n m e n t  of  R2Fe14B g r a i n .  Low c o o l i n g  ra te  
g i v e s  t h e  a - a x i s  a l i g n m e n t  as co lumnar  t e x t u r e ,  and 
h i g h  c o o l i n g  r a t e  g i v e s  r a n d o m  o r i e n t a t i o n  o f  f i n e  
g r a i n s .  K u j i  e t  a l .  r e p o r t e d  t h a t  t h e  s t r o n g  c r y s t a l  
a l i g n m e n t  o f  c - a x i s  i n  t h e  r i b b o n s  i s  d u e  t o  b o t h  
d i r e c t i o n a l  s o l i d i f i c a t i o n  i n  a t h e r m a l  g r a d i e n t  and  
u n i a x i a l  d e f o r m a t i o n  of  t h e  s o l i d  p h a s e  by t h e  tw in -  
r o l l e r 1  11 ] .  B u t  i r i  t h e  p r e s e n t  s t u d y ,  t h e  r o l l e r  s p e e d  
is  LOO fast. t o  i n d u c c  t h e  a l i g n m e n t  of  c - a x i s  by h o t -  
d e f o r m a t i o n  e f f e c t s .  F u r t h e r m o r e ,  t h e  X-ray d i f f r a c t i o n  
p a t t e r n s  t a k e n  from t h e  m i d d l e  s e c t i o n  of t h e  r i b b o n  
p r e p a r e d  i n  t h i s  s t u d y  s t i l l  show i s o t r o p i c  c h a r a c -  
t e r i s t i c s .  Then t h e  a l i g n m e n t  o f  c - a x i s  n e a r  t h e  s u r -  
f a c e  of  t h e  r i b b o n s  would n o t  be  due  t o  t h e  d e f o r m a t i o n  
e f - f e c t s ,  b u t  may be  d u e  t o  some quench ing  e f f e c t s .  
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